Background. We have previously demonstrated that early primary repair of tetralogy of Fallot with pulmonary stenosis (TOF) can be safely performed without increase in hospital resource utilization or compromise to surgical technical performance scores (TPS). We sought to identify the optimal timing for elective early primary repair of TOF with respect to intermediate-term reintervention.
Methods. Retrospective review of all patients with TOF undergoing elective primary repair between September 2004 and December 2013 was performed. Patients were stratified into reintervention group or no reintervention group. Multivariable Cox regression analysis identified independent predictors of reintervention. Youden's J-index in receiver operating characteristic analysis identified optimal age cutoff predictive of reintervention. Kaplan-Meier analysis with the log-rank test compared reintervention rates stratified by age and TPS.
Results. A total of 129 patients with median (interquartile range) age and weight of 78 days (56 to 111) and 5 kg (4.1 to 5.7), respectively, underwent primary repair. After a median (interquartile range) follow-up of 2.3 years (0.1 to 4.6), 18 patients (14%) required a total of 22 reinterventions. Youden's J-index revealed significantly lower risk of intermediate-term reintervention when repaired after 55 days of age (8% for >55 days old versus 31% for £55 days of age). Multivariable Cox regression identified age 55 days and younger (hazard ratio [HR] 4.5, 95% confidence interval [CI] 1.6 to 12.8, p ¼ 0.004), valve sparing repair (HR 15.3, 95% CI 1.8 to 128.5, p < 0.001), residual right ventricular outflow tract (RVOT) gradient (HR 1.11, 95% CI 1.1 to 1.2, p < 0.001), and inadequate TPS (HR 21.5, 95% CI 7.4 to 63, p < 0.001) as independent predictors of overall intermediate-term reintervention.
Conclusions. Elective repair in patients greater than 55 days of age, irrespective of size of the patient, can be safely performed without any increase in reintervention rates. Both residual peak RVOT gradient and TPS are effective in identifying patients at increased risk of reintervention.
(Ann Thorac Surg 2017;103:845-52) Ó 2017 by The Society of Thoracic Surgeons D espite its multiple advantages [1] , early primary repair of tetralogy of Fallot with pulmonary stenosis (TOF) has not been universally adopted because of concerns for increased morbidity and mortality in younger patients [2] [3] [4] [5] [6] [7] , and higher risk for postoperative reintervention [8] . The optimal timing of elective early primary repair of TOF remains debated, and wide variations in practice exist among various centers [9] .
We have previously demonstrated that early primary repair can be safely performed without increased hospital resource utilization [10] and without any compromise in the surgical technical performance scores (TPS) [11] ; nevertheless, an association has been identified between inadequate TPS and post-discharge reintervention in repaired TOF patients [12] .
We sought to identify the optimal timing for elective early primary repair of TOF, with respect to intermediateterm reintervention, as well as to determine other independent predictors of postoperative reintervention.
Material and Methods
A waiver of documentation of informed consent was obtained from the Children's National Health System institutional review board. A retrospective review of all consecutive patients undergoing elective primary repair of TOF between September 2004 and December 2013 was performed. Patients with TOF and pulmonary atresia, absent pulmonary valve syndrome, complete atrioventricular canal defects, and discontinuous branch pulmonary arteries, were excluded. Patients who underwent emergent, nonelective repair were excluded, as were patients with previous palliation at outside institutions, given that the aim of our study was to identify the optimal Accepted for publication July 5, 2016. Presented at the Fifty-second Annual Meeting of The Society of Thoracic Surgeons, Phoenix, AZ, Jan 23-27, 2016. timing of elective early primary repair. Preoperative, operative, and postoperative data along with echocardiograms and cardiac catheterization studies were analyzed.
A nonelective operation was defined as an operation performed within 48 hours of the onset of a hypercyanotic spell or rapidly worsening cyanosis. This included new admissions for hypercyanotic spells or similar clinical urgency in a patient who was an inpatient for any other indication. Patients admitted for noncardiac indications who underwent a planned operation during the same admission were considered to have had an elective operation. Prematurity was defined as a gestational age less than or equal to 36 weeks gestation. Patients with known 22q11 deletion or other known genetic syndromes were classified as having chromosomal abnormalities. Major extracardiac anomalies were defined as abnormalities of the tracheal-bronchial tree, lungs, gastrointestinal tract, and central nervous system. Coronary artery variations, as identified intraoperatively, were further categorized as major if the epicardial course of the coronaries resulted in modification to the surgical approach. Surgical repair was categorized by the type of intervention on the right ventricular outflow tract (RVOT) and pulmonary valve as either having a transannular patch (TAP) repair, or a pulmonary valve sparing repair. Pulmonary valve sparing repairs were further categorized by the use of a right ventriculotomy or right atriotomy for repair of the RVOT, and whether or not a supraannular patch was utilized (Table 1) .
TPS were calculated using the predischarge transthoracic echocardiogram, per the previously outlined guidelines. TPS groups were stratified as either optimal/ adequate (TPS-1 or 2), or inadequate (TPS-3). The residual peak gradient as estimated by pulse wave Doppler across the RVOT was obtained from the same predischarge study ( Table 1 ). Patients were categorized into a reintervention group and a no reintervention group, with the time to reintervention defined as the duration of time elapsed between the primary repair and the date of reintervention. Follow-up duration was defined as the time elapsed from the primary repair to the most recent assessment within the Children's National Health System.
Data Analysis
Continuous data are expressed as the median and interquartile range (IQR) and compared by the Mann-Whitney U-test. Fisher's exact test was used to compare simple proportions regarding reintervention as the binary outcome variable. Variables with a p value less than 0.05 underwent multivariable Cox regression analysis to identify independent predictors of reintervention and to calculate hazard ratios (HRs) [13] . To avoid multicollinearity issues two separate multivariable models were used: one with TPS and the second with RVOT gradient. The Youden-J index in receiver operating characteristic (ROC) curve analysis was utilized to identify the optimal age cutoff predictive of future reintervention [14] . This cutoff age was subsequently added to both univariate and multivariable Cox regression analysis as a categorical variable. Freedom from reintervention based upon the age cutoff identified with the ROC curve analysis and TPS was analyzed by comparing Kaplan-Meier curves using the log-rank test. Logistic regression analysis was utilized to construct a probability curve identifying the relationship between residual peak RVOT gradient and the need for reintervention [15] . Statistical analysis was performed using IBM/SPSS Statistics (version 23.0, IBM, Armonk, New York). Two-tailed p less than 0.05 was considered statistically significant.
Results
Of 167 patients who underwent repair of TOF, 129 patients with a median (IQR) age and weight of 78 days (56 to 111 days) and 5 kg (4.1 to 5.7 kg), respectively [age range, 13 to 6,397 days; weight range, 1.9 to 54 kg], underwent elective early primary repair and were included in the analysis. The 38 patients excluded from the study met 43 exclusion criteria: (12 prior palliation [7 systemic to pulmonary artery shunt, 4 balloon pulmonary valvuloplasty, 1 RVOT stent angioplasty]; 4 discontinuous branch pulmonary arteries; 27 nonelective repair). There were no operative mortalities, no patients required reintervention before hospital discharge, and after a median (IQR) follow-up of 2.3 years (0.1 to 4.6 years), there were no late deaths. The preoperative characteristics of the study groups are summarized in Table 1 .
A total of 18 patients (14%) required 22 reinterventions (7 surgical; 15 percutaneous). Median (IQR) time to reoperation or percutaneous reintervention was 1.4 years (1.0 to 1.5 years) and 0.7 years (0.3 to 1.2 years), respectively. There was a similar reintervention rate for the excluded patients, with 6 of 38 (15.8%) excluded patients requiring reintervention; compared with 18 of 129 (14%) patients in the present study (p ¼ 0.795). Based on the need for reintervention, patients were stratified into a no reintervention group (n ¼ 111) or a reintervention group (n ¼ 18). Univariable analysis revealed that the reintervention group comprised younger patients (p ¼ 0.002), with lower median body weight (p ¼ 0.004), higher median peak residual RVOT gradient at discharge (p < 0.001), and had a higher proportion of inadequate TPS (TPS-3), (p < 0.001). It was also notable that of the 18 patients in the reintervention group, 17 had a valvesparing RVOT repair (94%) with only 1 undergoing a TAP (6%). The type of valve-sparing repair utilized was not a significant predictor of future reintervention (p ¼ 0.640). Follow-up was longer for the reintervention group (p < 0.001). The groups were otherwise comparable with regards to other variables (Table 1) .
Of the 15 patients undergoing percutaneous reintervention, a balloon pulmonary valvuloplasty was performed in 14 patients, with 9 of these patients also undergoing an additional procedure during the same catheterization ( Table 2 ). Seven patients required surgical reintervention: 5 were revised with a TAP, 1 required a right ventricle to pulmonary artery conduit due to RVOT obstruction after a prior valve-sparing repair in the setting of a major coronary crossing the RVOT, and 1 patient had infundibular muscle bundle resection (IMBR) and a RVOT patch.
Multivariable Cox regression analysis incorporating TPS identified age (days) at repair (HR 0.96, 95% CI 0.94 to 0.99, p < 0.001), valve-sparing repair (HR 26.6, 95% CI 2.6 to 272; p < 0.001), and TPS-3 (HR 36.2, 95% CI 10.2 to 128.7; p < 0.001) as independent predictors of overall reintervention. Neither the weight of the patient (p ¼ 0.700), nor the length of follow-up (p ¼ 0.882) were significant independent predictors of overall reintervention. Repeat multivariable Cox regression analysis incorporating peak residual RVOT gradient identified age (days) at repair (HR 0.96, 95% CI 0.94 to 0.99, p < 0.001) and residual RVOT gradient (HR 1.12, 95% CI 1.08 to 1.16, p < 0.001) as independent predictors of overall reintervention. Weight of the patient (p ¼ 0.155), valvesparing repair (p ¼ 0.796), and the length of follow-up (p ¼ 0.669) were not significant independent predictors of reintervention. Youden J-index in ROC curve analysis was utilized, identifying a significantly lower risk of intermediate-term reintervention when repair was performed after 55 days of age (31% of patients repaired 55 days of age required a reintervention compared with 8% of patients repaired > 55 days of age). The area under the ROC curve of age for discriminating between patients with and without reintervention is 0.732 (95% CI of AUC 0.617 to 0.848, p ¼ 0.002). This age cutoff was significantly different between the two groups by univariate analysis (p ¼ 0.003) ( Table 1) .
When including age in the multivariable analysis as a categorical variable along with TPS (age 55 days versus age > 55 days), age less than or equal to 55 (p ¼ 0.004), valve-sparing repair (p < 0.001), and TPS-3 (p < 0.001) were independent predictors of overall intermediate term reintervention. Weight (p ¼ 0.975), length of follow-up (p ¼ 0.999), and body surface area (p ¼ 0.954) were not associated with an increased need for reintervention (Table 3) .
Repeat multivariable analysis with residual RVOT gradient instead of TPS and age as a categorical variable revealed age less than or equal to 55 days (p ¼ 0.001) and residual peak RVOT gradient (p < 0.001) were independent predictors of overall intermediate term reintervention. Weight (p ¼ 0.946), body surface area (p ¼ 0.919), valve-sparing repair (p ¼ 0.810), and length of follow-up (p ¼ 0.913) were not independent predictors of reintervention (Table 4) .
Although age and residual RVOT gradient are independent predictors of reintervention, there is no significant association between age and residual RVOT gradient, as shown by the Pearson r correlation coefficient (-0.05, p ¼ 0.55). Patients 55 days of age and younger at repair have very similar residual gradients to those repaired over 55 days of age (median [IQR] 13 [5.1 to 25 mm Hg] versus 14 [7.4 to 24 mm Hg]). When stratifying patients by age of 55 days at primary repair and if they had an optimal residual peak RVOT gradient (defined as < 20 mm Hg by TPS) [12, 16] , the reintervention rate was higher in patients 55 days of age and younger at repair, regardless of their residual RVOT gradient (p ¼ 0.04) ( Table 5) .
Freedom from reintervention was significantly higher for patients repaired at greater than 55 days of age versus 55 days of age and younger (p ¼ 0.013) (Fig 1) . Freedom from reintervention was also significantly higher for TPS-1 versus TPS-2 (p ¼ 0.002) and TPS-3 (p < 0.001) and for TPS-2 versus TPS-3 (p < 0.001) (Fig 2) . When stratifying cases by surgical reoperation only, TPS-3 was associated with a significantly higher need for surgical reoperation (TPS-3, 3 of 10 [30%] versus TPS-1 or TPS-2, 4 of 119 [3%]; p ¼ 0.01). The same association was noted with percutaneous reintervention (TPS-3, 7 of 10 [70%] versus TPS-1 or TPS-2, 8 of 119 [7%]; p < 0.001]. Logistic regression analysis generated a probability curve demonstrating a higher probability of reintervention in patients with higher peak residual RVOT gradients (p < 0.001) (Fig 3) .
Comment
The optimal timing of elective early primary repair of TOF continues to be debated, as concerns for increased morbidity and mortality [2] [3] [4] [5] [6] [7] and higher risk for postoperative reintervention [8] with younger patients remain. We have previously demonstrated that early primary repair can be safely performed without increased morbidity or increase in hospital resource utilization [10] , without any compromise in TPS irrespective of the patient's age or size [11] . With improving results of early primary repair of TOF, low mortality, and morbidity, the answer to optimal timing for elective early primary repair perhaps lies in the longer term outcomes of these patients.
Our analysis of intermediate-term reintervention data shows that the risk of reintervention after elective early primary repair of TOF is reduced in patients repaired older than 55 days of age. Smaller size (weight, body surface area) of the patient at the time of surgery did not affect the need for reintervention.
Surgical TPS have been useful predictors of reintervention for a wide range of congenital heart defect repairs [17] , including repair of TOF [12] . We have previously demonstrated that optimal technical repair as assessed by TPS for TOF repair can be achieved irrespective of the age or size of the patient [11] . In concordance with prior studies [12, 17, 18] , our study confirms the utility of TPS in predicting the need for reintervention in patients after TOF repair. A residual gradient of less than 20 mmHg is considered optimal (TPS-1), 20 to 40 mm Hg is graded as adequate (TPS-2), and over 40 mm Hg is inadequate (TPS-3) by TPS [16] . Our study shows that both TPS (as a surrogate of residual RVOT gradient) and residual RVOT gradient are strongly predictive of the need for reintervention. Our study demonstrates an increasing probability of reintervention with higher residual RVOT gradient (Fig 3) , which may be a better predictor of reintervention than the broad TPS categories.
Our institutional preference is to perform elective early primary repair of TOF by 2 to 3 months of age. Complete repair is also performed in younger patients who present with hypercyanotic spells irrespective of their age and size [1] . A TAP is placed if the intraoperative pulmonary valve Z-score is < -3, or if the pulmonary valve leaflets are severely dysplastic.
We have shown that extracardiac anomalies, prematurity, low birth weight, and non-elective surgical intervention are predictors of increased morbidity and increased hospital resource utilization after repair of TOF, irrespective of the patient's age or size [10] . Both age cutoff of 55 days at repair and the residual peak RVOT gradient are significant independent predictors of intermediate term reintervention (Table 4) . Interestingly, patients 55 days of age and younger with optimal repair by TPS (RVOT gradient < 20 mm Hg) had a higher reintervention rate than those repaired at an older age (Table 5 ). This may be related to the continued evolution of ductal tissue in the pulmonary artery end. This is supported by the need for branch pulmonary artery interventions in 40% of the reintervention group patients in our series. It may also be possible that significant branch pulmonary artery stenosis may impact the proximal flow across the RVOT affecting growth of the pulmonary valve. It is also possible that in patients older than 55 days of age, the longer serial evaluation of the RVOT and pulmonary valve, lead to better identification of pulmonary valves with less growth potential.
Although the current natural history of unrepaired TOF is difficult to predict, 40% of patients who required nonelective surgery at our institution were older than 75 days of age [10] . Early elective primary repair of TOF, between 55 and 75 days of age, may be optimal, leading to lower need for nonelective repair [10] without compromising intermediate-term reintervention rates.
Study Limitations
Our study represents the experience of a single center, studied retrospectively, with a limited number of patients, with a follow-up time limited to a median (IQR) time of 2.3 years (0.1 to 4.6 years). This follow-up duration is not enough to detect the deleterious effects of pulmonary regurgitation after placement of a TAP. Although there was a difference in the follow-up duration between the reintervention versus no reintervention group by univariate analysis, multivariable regression analysis clearly shows that this difference was not an independent predictor of need for reintervention. Future studies with larger patient cohorts will be needed to validate these outcomes over a longer follow-up period.
Conclusion
Elective repair in patients older than 55 days of age, irrespective of size of the patient, can be safely performed without any increase in reintervention rates. Both residual peak RVOT gradient and TPS are effective in identifying patients at increased risk of reintervention. Kaplan-Meier curve demonstrating freedom from reintervention is 68% (95% CI: 54% to 82%) in patients 55 days of age and younger and 87% (95% CI: 80% to 94%) in patients over 55 days of age (log-rank ¼ 6.21, p ¼ 0.013). (CI ¼ confidence interval; TOF ¼ tetralogy of Fallot.) The views expressed in this article are those of the authors and do not necessarily reflect the official policy or position of the Department of the Navy, Department of Defense, or the United States Government. Michael Cunningham is a military service member, and an employee of the US Government. This work was prepared as part of his official duties. Title 17, USC, x105 provides that 'Copyright protection under this title is not available for any work of the U.S. Government.' Title 17, USC, x101 defines a US Government work as a work prepared by a military service member or employee of the US Government as part of that person's official duties. The study protocol was approved by the Children's National Medical Center institutional review board (#PR000002926) in compliance with all applicable Federal regulations governing the protection of human subjects.
DISCUSSION
DR KIRK KANTER (Atlanta, GA): I have one question about the Technical Performance Score. One way to get into category 3 is to have a reintervention, and therefore you have created a circular loop. Of the TPS-3 patients, how many were reinterventions that caused them to be classified as TPS-3?
DR CUNNINGHAM: That's a great question and a very good observation. Fortunately, that was not an issue with this patient population. Of our elective repairs, there were no patients who had intervention prior to their hospital discharge. Looking at our entire cohort that did include urgent repairs, there were 2 patients who required intervention before discharge, but this was not the case with this analysis. So there was no double-counting, so to speak, or circular data analysis.
DR RAM KUMAR SUBRAMANYAN (Los Angeles, CA): I'm curious about the use of a transannular patch. That fell out as one of the significant variables but didn't get discussed more. Is that because we're pushing more patients towards preserving the valve now, or is it because waiting will allow the valve to grow more and present a greater chance of saving it, what do you think?
DR CUNNINGHAM: The use of a transannular patch versus a valve-sparing repair was assessed as a binary variable. In the multivariable analysis, using a transannular patch was protective and a valve-sparing repair was a risk factor for future reintervention. Patients who had a transannular patch had decreased overall reintervention as there was only one patient who had a transannular patch repair that had future reintervention. Additionally, this study only assesses intermediate term follow-up, and cannot assess future reintervention related to the longterm consequences from pulmonary insufficiency related to a transannular patch repair.
DR CHRISTOPHER CALDARONE (Toronto, Ontario, Canada):
Can you comment on why you didn't measure the RVOT gradient or the RV systolic pressure rather than simply using valve-sparing or non-valve-sparing? With increased emphasis towards mini-transannular patches, often we're left with a gradient on purpose and it kind of muddles that particular variable whether it's valve-sparing or not.
DR CUNNINGHAM: That's a good point and a great question. Specific gradients and measurements from the echocardiogram weren't analyzed per se as their own variable. They were indirectly assessed in our utilization of the technical performance scores. And because we incorporated technical performance scores into our data, we made the decision not to incorporate outflow tract gradients as a separate variable. And for those not familiar with the surgical technical performance scores, it is scored into 1 of 3 categories-optimal, adequate, or inadequateas you can see here, your outflow tract gradient at the time of discharge factors into your score. Our aim was to study the optimal timing for elective repair. Threshold residual gradients leading to reintervention could be something we may look at as well going forward.
DR CALDARONE: Well, you could, because you have the raw values. And rather than use that trichotomized score that you see there, you could actually see how the number as a continuous variable affects your outcomes.
DR CUNNINGHAM: Thank you for that comment. We can look into that.
DR CHRISTIAN PIZARRO (Wilmington, DE): It's obvious the residual lesion will buy you another intervention, so that's what you basically tried to get to with the TPS. The question I have is related to the age cutoff. You don't operate on age, you operate on morphology, so did you actually look at anatomic parameters like Z-score of the branch pulmonary arteries or the annulus or the MPA that would really allow us to understand why is it that we're operating on those patients? There is nothing magic about 55 days, correct? It's about the underlying anatomy of the patient. So unless I've missed it, I didn't really see any of those values in your tables, in sort of a direct comparison between those who had reintervention versus those who didn't.
DR CUNNINGHAM: Thank you very much for your comment and question, sir. In regards to other anatomical variables that were assessed preoperatively, the Z-score dimension of the pulmonary valve was assessed as a continuous variable and how it relates to a required future reintervention. There weren't specific measurements assessed for the branch pulmonary arteries and that could certainly be something that could be looked at going forward. As you noted, there are multiple factors that go into planning the timing of repair of tetralogy of Fallot. Knowing the lesion helps you decide what to do. We tried to answer the question of when should it be done. Specifically, looking at elective patients who undergo primary repair at our institution, the typical recommendation is to proceed with elective early primary repair usually around 2 to 3 months of age, with our data supporting beyond 55 days of age, in line with our practice. DR J. WILLIAM GAYNOR (Philadelphia, PA): I really enjoyed that. I want to go back a little bit to the question about reintervention that Kirk brought up. There is pretty good evidence that if you have a residual lesion in the operating room and you reintervene there and then leave without a residual lesion, you do away with a lot of the downstream things. Seeing as many of your patients probably had a significant residual lesion, at least as defined by the TPS, in the operating room, why didn't the surgeon go back and fix it? If they had outflow tract obstruction or a VSD, why didn't they go back and address that in the operating room? Because there is pretty good evidence-that's one of the main reasons to use intraoperative echo-that if you identify a lesion, go back and fix it there and then you can avoid these downstream problems.
DR CUNNINGHAM: That's a great question and comment, sir. With regard to the utilization of intracardiac echo and the intraoperative correction and assessment of residual lesions, surgical TPS were assessed retrospectively at the time of hospital discharge. It wasn't something available or utilized on the intraoperative transesophageal echoes.
Going forward, given the strong correlation by the Boston group in their publications as well (which has reported a similar percentage of TPS-3 outcomes) and looking at the data for our own surgical repairs, it's certainly something that we're planning to propose going forward and utilize at our institution. Although TPS are utilized as a discharge scoring system, certainly using it as an intraoperative assessment tool could have utility for intraoperative intervention and be of benefit for the patient.
